Introduction
In recent years, numerous studies have been focused on characterization of trace metal complexes in crude oil [1, 2] . As it was postulated [3, 4] , those are formed from biological compounds, so they can serve as biomarkers of oil reservoir formation [5] . These complexes are known to have negative effect on oil production process, so their chemical structure and spectroscopic properties are of great interest [1, 6, 7] .
Since the most abundant metal complex in crude oil is vanadyl porphyrin, its chemical composition and electronic structure has been extensively studied by various analytical methods, including electron paramagnetic resonance (EPR) [8] [9] [10] [11] . The focus of these works is often aimed toward possible contribution of porphyrins to the mechanisms of aggregation of oil fractions, especially the most heavy and metal-rich one, asphaltenes. There where various attempts of spectroscopic detection of noncovalent intermolecular interactions between vanadyl porphyrins and surrounding molecules [11] [12] [13] [14] , though it still remains an open question. It has been already shown that EPR is sensitive to structural distortions of the vanadyl porphyrin molecule [9, 15] , so the EPR spectrum can potentially probe structural changes upon its binding with other molecules.
The vast majority of the works so far concerning the oil porphyrins are done either on the model systems or on the specially extracted oil fractions [16] [17] [18] . In the present paper, we report the possibility of detection of pulsed electron-nuclear double resonance (ENDOR) spectrum caused by interaction of the unpaired electron with the 14 N nuclei of the porphyrin skeleton (see Fig. 1 ). We propose that 14 N ENDOR spectra study can complement conventional EPR measurements in shedding light on structural perturbations of the complex upon intermolecular interactions. As it is pointed out in [19] , specified thermal treatment of crude-oil containing species can lead to manifestation of interaction with the neighboring 14 N nuclei even in the conventional EPR spectra. But, to the best of our knowledge, no 14 N EPR, electron spin echo modulation (ESEEM) curves or ENDOR spectra were reported for the untreated, native crude oil samples [20] [21] [22] .
Experimental part
For our study we took a sample of heavy crude oil (room temperature density 930 kg/m 3 , API gravity 20.7, viscosity 980 mPas) from the Ashalcha oilfield of Republic of Tatarstan (Russia). As it was reported earlier [9, 11] , it manifests a typical EPR spectrum of vanadyl porphyrin and stable organic radical(s) shown in Fig. 2(a) . The spectrum was measured using X-band (microwave frequency of about 9.5 GHz) Bruker Elexsys 680 spectrometer by means of field-swept two-pulse echo sequence /2    . The length of π pulse was 32 ns and the time delay   240 ns. Fig. 2(a) . Each pair of lines corresponds to particular projection of I. Frames of g-tensor and A-tensor coincide with the molecular frame as it is shown in Fig. 1 . The principal values of g and A tensors are listed in Tab. 1.
The interactions with
14 N (I  1, Larmor frequency ν L  1.06 MHz at B  344 mT) were probed with pulsed ENDOR measurements by using Mims sequence /2    /2 T  /2 with an additional radiofrequency pulse  RF  16 s inserted between the second and third microwave /2 pulses at T  50 K. The spectra are obtained at two different values of magnetic field, denoted as B 1 and B 2 in Fig. 2(a) , in order to excite only those portions of the spins which are related to a certain molecular orientations. In our work we have chosen the values that correspond mainly to the g Z axis perpendicular (B 1 ) and parallel (B 2 ) to the direction of magnetic field for m I  3/2 transition due to the next reasons: (1) the sufficient echo amplitudes to obtain reasonable signal-to-noise ratio for the appropriate time; (2) absence of overlapping with the FR signal. As a result, we report observation of the ENDOR signals near the Larmor frequency of 14 N, as displayed in Fig. 2(b, c) . 
Discussion
The measured ENDOR spectra display the presence of both nuclear hyperfine and electric nuclear quadrupole couplings. In order to get some prior information about the values and orientations of the corresponding interaction tensors, we perform first-principles DFT calculations. Those are carried out in Orca program version 3.0 [23] using hybrid PBE0 exchange correlation functional, the 'Core prop' (CP(PPP)) basis set for vanadium, and EPR-II basis set for all other atoms. In sake of simplicity, we first consider a vanadyl porphyrin model which represents an isolated porphyrin skeleton with no side groups (we denote it as VO throughout the further discussion). Calculations were performed on HPC Qq/h and a rhombicity parameter η) as initial simulation parameters for the measured ENDOR spectra. One could anticipate a quite large error of the DFT calculated parameters, so during the further simulation we allow both the principal values and the tensor orientations to be varied within a consistent range. As a result, we end up with the coupling tensors that are given in Tab. 1 and Fig. 2(b, c) .
The obtained experimental and calculated data are in a good correspondence with those for different vanadyls model systems [16] [17] [18] 22] . It is known that petroleum porphyrins exist in homologous manifolds of several structural classes and can manifest great structural diversity [24] . First of all that means different combinations of side groups. The distribution of electric field gradient and spin density in a vanadyl porphyrin molecule can be affected by the presence of substituting side groups via structural perturbations of the porphyrin skeleton. One can expect it to be especially the case if the groups are arranged asymmetrically, as for cycloalkane in VODPEP, thereby reducing the symmetry of pyrrole nitrogen atoms distribution around the vanadium ion. The consequent distribution of the coupling parameters can potentially increase the broadening of the spectrum, and this is probably why 14 N ENDOR cannot be observed in certain (or in the most) oil samples. Following the discussion in Ref. [19] , we propose that the possibility to detect 14 N ENDOR depends on the relative presence of particular forms of vanadyl porphyrins in the sample. Further experimental studies and calculations are in progress.
Summary
To summarize, in this work we have detected for the first time pulsed 14 N ENDOR spectrum of natural vanadyl porphyrins in the untreated heavy crude oil sample and provided detailed description of the corresponding nuclear hyperfine and quadrupole coupling tensors. We believe that 14 N ENDOR can serve as an additional spectroscopic probe sensitive to structural perturbations of a porphyrin molecule, as supported by first-principles analysis.
